NAC (NAM/ATAF/CUC) plant transcription factors regulate essential processes in development, stress responses and nutrient distribution in important crop and model plants (rice, Populus, Arabidopsis), which makes them highly relevant in the context of crop optimization and bioenergy production. The structure of the DNA-binding NAC domain of ANAC019 has previously been determined by X-ray crystallography, revealing a dimeric and predominantly β-fold structure, but the mode of binding to cognate DNA has remained elusive. In the present study, information from low resolution X-ray structures and small angle X-ray scattering on complexes with oligonucleotides, mutagenesis and (DNase I and uranyl photo-) footprinting, is combined to form a structural view of DNA-binding, and for the first time provide experimental evidence for the speculated relationship between plant-specific NAC proteins, WRKY transcription factors and the mammalian GCM (Glial cell missing) transcription factors, which all use a β-strand motif for DNA-binding. The structure shows that the NAC domain inserts the edge of its core β-sheet into the major groove, while leaving the DNA largely undistorted. The structure of the NAC-DNA complex and a new crystal form of the unbound NAC also indicate limited flexibility of the NAC dimer arrangement, which could be important in recognizing suboptimal binding sites.
INTRODUCTION
Transcription is a fundamental biological process, and a large part of the molecular machinery is conserved among kingdoms. However some TF (transcription factor) families, such as NAC (NAM/ATAF/CUC) proteins, have only been identified in plants. NAC proteins constitute a highly prolific group of plant-specific TFs, with representatives in monocots, dicots, conifers and mosses. Many plants of commercial and scientific interest, such as Arabidopsis thaliana [1] , tobacco [2] and rice [3] have more than 100 different NAC proteins. Early findings indicated an important role of NAC proteins in plant development [4] . This has later been confirmed, and a variety of other important processes such as biotic and abiotic stress responses and senescence have been associated with NAC proteins, as reviewed in [5] . A recent example is the work of Carvallo et al. [6] that suggested that NAC proteins are part of an evolutionarily conserved cold response, since NAC019 was up-regulated in response to cold in distantly related plant species.
Research has also suggested a useful role for NAC proteins in bioenergy production from lignocellulosic material, since a subset of NAC proteins, now termed the Secondary Wall NACs, were shown to influence cell wall thickness [7, 8] . Applications in crop plant engineering have also been demonstrated, e.g. improvement of rice drought tolerance and yield on expression of a NAC protein in the roots [9] , and increase of wheat protein, zinc and iron content by replacement of a non-functional NAC gene allele in modern wheat with a functional ancestral counterpart [10] .
NAC proteins consist of a conserved N-terminal region (NAC domain) with DNA-binding and oligomerization abilities, and a diverse C-terminal region which functions as a transcription regulatory domain. Initial biophysical analysis suggested that the NAC domain was dominated by β-strand structures [11] . This was later confirmed by our determination of the first crystal structure of a NAC domain, that of A. thaliana ANAC019, revealing a novel dimeric transcription factor fold consisting of mainly β-sheets and containing no well-known DNA-binding motif [12] . We have also shown by EMSA (electrophoretic mobility-shift assay) that the ANAC019 NAC domain binds DNA as a dimer and characterized the dimer interface [12] as well as identified a consensus DNA sequence (CGT [GA] ) to which ANAC019 and other relatively distant NAC TFs bind [13] [14] [15] [16] . Despite the considerable interest in these proteins since the publication of the structure [e.g. 2, 3, [7] [8] [9] [10] 17] , no experimental information on their molecular interactions with DNA has been published, besides mutational studies [13] .
In the present study, interaction of the ANAC019 NAC domain with DNA is probed structurally by crystallography and in solution, providing for the first time experimental evidence for a DNA-binding mode similar to that of the plant-specific WRKY TF family [18, 19] and the mammalian family of GCM (Glial cell missing) TFs [20] . The elucidation of the interaction between ANAC019 and a cognate dsON (double-stranded oligonucleotide) is thus a key in consolidating the relationship between these three TF families, which have previously been noted to have structural similarities [5, 21] .
Table 1 Data, refinement and validation statistics
Data were collected at 100 K. The complex data were processed with XDS [25] , and the form IV data with Denzo/Scalepack [24] . R int is the redundancy independent R-factor on the intensities [47] for the complex data or the conventional R sym for form IV. Ramachandran statistics are calculated with Rampage [48] . Parentheses denote the values for the highest resolution shell. n.a., not applicable; RMSD, root mean square deviation. 
Parameter

EXPERIMENTAL Protein and oligonucleotide samples
The NAC domain of ANAC019 (At1g52890, residues 1-168, NCBI Accession number NP_175697) with an N-terminal His 6 tag was expressed from vector pET-15b, purified as described previously [13] and stored in 20 mM Tris/HCl (pH 7.5), which is the buffer used for all experiments in the present study unless otherwise stated. The 26 bp oligo2 (5 -gtcttgcgtgttggaacacgcaacag-3 ) was designed with 5 overhangs to facilitate oligomerization and crystal growth [22] , and contains two palindromically oriented NACBSs (NAC-binding sites; as defined in [13] , sequence TTGCGTG, in bold) separated by a 6 bp spacing. ssONs (single-stranded oligonucleotides) were purchased from TAG Copenhagen and annealed to a final concentration of 250 μM dsON in 10 mM Tris/HCl (pH 7.5) and 50 mM NaCl. The sequence of the 30 bp blunt-ended dsON used in EMSA was similar to the sequence of oligo2 (5 -cagtcttgcgtgttggaacacgcaacagtc-3 ; NABCS in bold).
Crystallization and data collection
A new crystal form of the free ANAC019 NAC domain (form IV) was obtained under similar conditions to the ones reported previously [23] , using 12.5 % PEG [poly(ethylene glycol)] 4000, 0.1 M malic acid/imidazole buffer (pH 7.0) and 5 % glycerol, and a new batch of protein (4.0-5.8 mg/ml). Data were collected at beamline 911-2, MAXLAB (Lund, Sweden) and processed with Denzo/Scalepack [24] (statistics in Table 1 ). For the complexed structures, NAC dimer and oligo2 were mixed in a 1:1 molar ratio. After extensive screening (including different crystallization conditions and a set of ten dsON), the conditions leading to crystallization were identified. Crystals grew within two weeks in manually set up 24-well VDX TM trays (Hampton Research) using 0.01 M MgSO 4 ·7H 2 0, 0.05 M Mes (pH 6.0) and 0.5 % PEG 400 as main precipitant. The hanging drop was composed of equal amounts (2 μl) of reservoir solution and protein-DNA mixture (with protein at a 1 mg/ml concentration). Crystals routinely diffracted to 8-9 Å (1 Å = 0.1 nm), and two were found to diffract to ∼ 4.45 Å. One of them (Native_complex) was grown in the presence of 0.3 M glycyl-glycyl-glycine as an additive. A dataset (Native_complex) was collected at beamline I911-2 of MAXLAB at cryogenic conditions using 22 % glycerol as a cryoprotectant. Additives did not consistently improve diffraction quality, thus the differences in diffraction power must be due to variation in individual crystal quality and handling. Dehydration, annealing and other postcrystallization improvement techniques did not improve on the resolution limit. Later in the study, attempts were made to obtain derivatives with gold-, platinum-, mercury-and leadcontaining compounds. Data were collected at beamline ID14-4 of the ESRF (Grenoble, France) for a trimethyl lead acetate and two potassium dicyanoaurate derivative crystals, but finally only one (Au_complex, crystal was soaked for 20 h in 5 mM potassium dicyanoaurate) was deemed of sufficient quality for structure determination. Data collection statistics for processing with XDS [25] for the two complex data sets are reported in Table 1 .
Structure determination
The structure of the free form IV was determined by MR (molecular replacement) using Phaser within the PHENIX suite [26, 27] and an edited NAC monomer (PDB code 1UT7) as the search model. The MR solution was deemed correct, as it showed a similar dimer interface as the one identified in the high resolution crystal structure. Refinement was carried out initially in Phenix.refine [27] and later in Refmac 5 [28] using jelly-body restraints, NCS (non-crystallographic symmetry) restraints and group TLS (Translation/Libration/Screw) refinement, alternated with manual rebuilding in Coot [29] . This strategy resulted in acceptable geometry and R-factors (R-factor of 25.7 % and Rfree of 34.2 %) for a model comprising 75 % of the amino acids in the dimer. The B molecule makes fewer crystal contacts and was particularly difficult to build in some regions. Further details on structure determination and validation are given in the Supplementary online data (at http://www.BiochemJ.org/bj/ 444/bj4440395add.htm) and the refinement statistics are given in Table 1 .
The Native_complex data were phased with MR using Phaser v1.3.1 [26] . The structure is shown in Figure 1 Binding sites according to the assigned DNA sequence are in yellow.
bj4440395add.htm). There were several high-ranking solutions, which only differed by translation of the DNA along its major axis. Thus oligo2 packs in the crystal structure as long fibres in a headto-tail arrangement, basically as expected from the design strategy. Based on MR alone, it was difficult to assign unambiguously the correct sequence to the DNA. Since a model lacking the bases would be problematic both in terms of crystallographic refinement and SAXS (small-angle X-ray scattering) profile simulation, potentially leading to wrong refinement and conclusions on the basis of the χ-values, the sequence was instead assigned by combining the information of protected phosphates in uranyl photo-probing (Figure 2A ) with the crystal structure, to obtain the best possible match between phosphate protection in solution and reduction in phosphate solvent accessibility on complex formation with the AB dimer, as derived from the crystal structure. The match is also shown in Figure 2 (A). All of the nucleotide bases for oligo2 are thus included in the final model, which is highly plausible in view of the biochemical data obtained in solution. Refinement was carried out in phenix.refine [27] and minor manual rebuilding and inspection of maps were done in Coot v0.6 [29] . The CCP4 package suite v6.1.3 [30] was used for various tasks in phasing, refinement, validation and analysis. Many refinement protocols were tested. The best compromise between R-factors and geometry was obtained using the protocol described in further detail in the Supplementary online data, which resulted in R-factors of 26.0 % and 34.9 % for Native_complex, and 25.0 % and 30.9 % for Au_complex. Validation is summarized in the results section, with further details in the Supplementary online data. The statistics for both models are shown in Table 1 .
Figures showing structures and electron density were prepared with PyMOL v1.3 (http://www.pymol.org). Analysis of surface accessibility on the basis of the crystal structures was carried out with AreaImol from the CCP4 package [30, 31] , using the default probe radius of 1.4 Å. Surface area differences upon NAC-DNA complex formation were calculated per protein amino acid residue (to identify residues listed in Table 2 ) or DNA phosphate group (for the phosphate accessibility analysis in Figure 2A ).
Uranyl photo-cleavage analysis and DNase I footprinting
The uranyl photo-cleavage analysis and DNase I footprinting were performed as described previously using a sample volume of 30 μl The palindromic core NACBS is underlined and the length of the arrows denotes the relative protection level (i.e. semi-quantitative footprints). Black bold letters indicate nucleotides whose phosphate group loses more surface area than the threshold value on complex formation with the AB dimer in the Native_complex crystal structure. The threshold value was chosen as 40 % of lost accessible area compared with the phosphate losing most surface area on complex formation, according to the AreaImol analysis, which was set to 100 %. Open bold letters represent nucleotides whose phosphate groups were judged as likely to be protected by residues in the loops/termini missing in the crystal structure, on the basis of their approximate spatial orientation. and up to 200 ng ANAC019 per sample [32] [33] [34] . In brief, the purified [
32 P]-labelled DNA fragments were subjected to either DNase I or uranyl photo-cleavage in binding buffer (see [13] ). The concentration of uranyl nitrate was 1 mM and the concentration of ANAC019 is indicated in the text. Since uranyl photo-cleavage is absent above pH 7, the pH of the buffers were adjusted to 6.0-6.5. The samples were incubated for 30 min at 23
• C and then irradiated in open tubes placed just below a 40W/03 Phillips fluorescent light tube with maximum emission at 420 nm. After 25 min of irradiation, sodium acetate at pH 4.5 was added to a final concentration of 0.2 M together with 2.5 vol. of 96 % ethanol on Overview of the residues close to DNA as detected by an analysis of surface and contact areas upon DNA binding performed with AreaImol [30, 31] . For simplicity, the residues have been placed in six groups according the secondary structure element they are part of. • C before loading on to a 8 or 10 % denaturing polyacrylamide gel (19:1 acrylamide/methylenebisacrylamide). The autoradiograms were obtained by overnight exposure using intensifying screens. A Molecular Dynamics STORM 860 PhosphorImager was used to collect data from the phosphor storage screens and baseline corrected scans were obtained by using the software SAFA package [35] . Differential cleavage plots were calculated from the expression ln(f a ) − ln(f c ) representing the differential cleavage at each bond relative to the control (where f a is the fractional cleavage at any bond in the presence of the protein and f c is the fractional cleavage of the same bond in the control). Using this expression, positive values indicate enhanced cleavage (hypersensitivity), whereas negative values indicate cleavage inhibition (footprints).
SAXS analysis
The free ANAC019 domain alone was investigated by SAXS in order to confirm that the previously determined X-ray structure (PDB code 1UT4) was compatible with the solution structure. Data for a concentration series (1-8 mg/ml) in 20 mM Tris/HCl (pH 7.5) were measured at beamline 2.1, SRS (Daresbury, England). Additional information on data analysis and modelling are given in the Supplementary online data.
ANAC019(1-168) (1 mg/ml) and oligo2 (250 μM) were mixed in equimolar amounts and incubated at room temperature (23
• C) for 15 min. The sample was then fractionated on a pre-packed 24 ml Superdex 75 column (GE Healthcare) with a flow rate of 0.5 ml/min with 20 mM Tris/HCl (pH 7.5) as the running buffer. The resulting peak fractions were analysed separately with SAXS at beamline 711, MAXLAB. Non-peak fractions were used as background subtraction. Exposure time was 20 s. A concentration series was recorded on each fraction after concentration with a Microcon Ultracel YM-10. The data were analysed with the programs Raw [36] and the ATSAS program package [37] .
Site-directed mutagenesis and EMSA ANAC019(1-168), produced as described above, and mutated variants thereof, were used for EMSA. Site-directed mutagenesis was performed with QuikChange TM II Site-Directed Mutagenesis kit (Stratagene). The mutagenic primers were the following (sense strand): R85A, 5 -aatatccaaacgggtcagcacctaaccgggttgcc-3 ; R88A, 5 -gggtcaagacctaacgcggttgccggatcgg-3 ; K129A, 5 -aaagctcctaaaggtactgcaaacaattggatca-3 ; and K162A, 5 -gggttctatgtcgaatatacaaggcgcaatcaagtgcacaaaaacaa-3 .
EMSA with DIG (digoxigenin) labelling (Roche) was performed as described previously [12] , except for the DNA sequence which was as described under protein and oligonucleotide samples.
In order to determine the K d value of the interaction between wt (wild-type) ANAC019 and oligo2, three independent EMSAs (n = 3) with full titrations of ANAC019 were carried out with 32 P-labelled oligo2 instead of DIG-labelling. The EMSAs were performed as described in [13] , but the DNA concentration was kept at 75 pM, which is roughly 1000-fold lower than the expected K d value (results not shown). Autoradiograms were obtained by exposure using intensifying screens. A Molecular Dynamics STORM 860 PhosphorImager was used to collect data from the phosphor storage screens and ImageQuant software version 5.2 (Molecular Dynamics) was used to calculate the fractional saturation. The data was used to establish a binding isotherm, which were fitted to the 'one site binding' (hyperbola) equation: Y = (B max ×X)/(K d + X) using GraphPad Prism version 5.00.
Dimer angle calculations
Dimer closure was quantified by defining a vector for each NAC monomer going through the dimerization interface as well as the protein core and then calculating the angle between the vector pair of the dimer. The vector was constructed through the Cα-positions of residues 18 (part of the dimerization β-sheet) and 135 (situated in the centre of the core β-sheet). The angle between the vectors was calculated using the basic formula: cos(α) = a·b/|a|x|b|.
RESULTS AND DISCUSSION
Crystal structure of the NAC-DNA complex Lack of detailed information on the DNA-binding mode prompted us to initiate co-crystallization of the ANAC019 NAC domain and dsONs containing a palindrome of the 7 bp ANAC019-binding site (NACBS) identified previously [13] . Although the literature indicates that some NAC TFs target single NACBSs in vivo [13, 38] , palindromic NACBSs bind with higher affinity [13] and were thus chosen. After extensive optimization of crystals, a native data set to 4.40 Å (Native_complex) and one derivatized with gold (Au_complex) to 4.45 Å were collected for a complex with oligo2 (data collection statistics are shown in Table 1 ).
The MR solutions obtained with Native_complex and Au_complex are very similar and show a ternary complex consisting of two NAC dimers (chains AB and CD) bound to one DNA duplex constituted by chains EF (Figure 1) . Combined with the low resolution, the unusual stochiometry prompted thorough validation. In short, crystal packing, a biologically sensible DNA-protein interface, omit maps and similar gold sites as those originally used to solve the NAC structure alone all confirmed the MR solution (more details in Supplementary online data and Supplementary Figure S1 at http://www.BiochemJ. org/bj/444/bj4440395add.htm). The DNA sequence was assigned to agree with the pattern of phosphate protection in the uranyl photo-probing assay described below. The agreement is shown in Figure 2 (A), which shows the phosphate protection in solution as well the phosphates losing the largest accessible surface on complexation with the AB dimer in the Native_complex crystal structure, according to the sequence as assigned in the deposited PDB file. Additionally, phosphates potentially protected by protein residues missing in the crystallographic model are marked, on the basis of the vicinity with missing loops or extended termini. As it is not possible to completely exclude a possible small register error, in our analysis we refrain from discussing interactions with individual bases. As a final validation that the overall structure is fundamentally correct, the structures could be refined as well as expected with the limited resolution, to R work = 26.0 % and R free = 34.9 % for the Native_complex model (Table 1) .
Each monomer inserts into adjacent major grooves of the DNA as is common for TFs (Figure 1) , and a change in dimer opening with respect to the previously determined free structure [12] can be observed, as will be discussed below.
DNase I footprinting and uranyl photo-cleavage analysis of ANAC019-DNA interactions
DNase I and uranyl photo-footprinting analysis were used to map the binding in solution. Using binding conditions described previously [13] , the DNase I results clearly demonstrate protection of the palindromic NACBSs in oligo2 by ANAC019 in a concentration-dependent manner (Supplementary Figure S2 at http://www.BiochemJ.org/bj/444/bj4440395add.htm).
Uranyl photo-cleavage can be used to study phosphate contacts involved in protein-and ligand-DNA complexes [32, 33] . The technique exploits the fact that the uranyl-(VI) cation (UO 2 2 + ) forms strong complexes with accessible phosphates of the DNA backbone and upon irradiation is excited, which initiates a complex photo-oxidation process eventually leading to strand break. Binding of a protein to DNA protects phosphates near the binding site from oxidation. Using this method, a dsON model of specific protein-phosphate contacts was built using full titrations (0, 10-200 ng) of ANAC019 (Figure 2A ). On the basis of this model, the DNA sequence in the crystal structure was assigned. The differential cleavage plot ( Figure 2B ) shows a nearly perfect symmetrical pattern when both strands are compared. We thus conclude that the two monomers in the dimer interact similarly with the backbone phosphates in each of the individual NACBS in the palindrome, and no additional binding site was detected that could support a ternary complex in solution.
Solution structures of the free NAC domain and the NAC-DNA complex SAXS gives low resolution information on the structure of macromolecules and macromolecular complexes in solution. The data obtained (see Figure 3A , the Supplementary online data and Supplementary Table S2 at http://www.BiochemJ.org/ bj/444/bj4440395add.htm for further details) show that the free NAC dimer in solution is primarily symmetrical within the resolution of SAXS ( Figure 3B ). Evidence for this comes from ab initio shape modelling imposing 2-fold symmetry, giving χ-values very similar to the ones obtained without symmetry imposed (see the Supplementary online data). The newly published crystal structure of the SNAC1 (stress-responsive NAC 1) NAC domain [39] also supports the notion that NAC domains in general form symmetrical dimers, since in the SNAC1 structure the two monomers in the NAC dimer are related by crystallographic symmetry and are thus identical, although local asymmetry has been noted previously for the ANAC019 NAC domain crystal structure [12] . The differences noted in this crystal structure are beyond the resolution of the SAXS technique. The SAXS data for free NAC are reasonably well represented by the known crystal structures of the free ANAC019 NAC domain (the fit to the structure with PDB code 1UT7 is shown as example in Figure 3B and Supplementary Table S2 ). The fit is further improved by modelling loops and termini missing in the crystal structure, as can also be seen in Figure 3 (B) and Supplementary  Table S2 (see the Supplementary online data for details on how this complete model was generated). These loops and termini most likely adopt a variety of conformations in solution.
In order to isolate the complex, SEC (size-exclusion chromatography) on a NAC/DNA mixture was carried out and yielded an asymmetric peak (eluting at 10.2 ml, results not shown), which we interpreted as containing one or more complex species as well as free DNA. SAXS data could be collected from three individual peak fractions, designated B1 to B3, where B1 represents the higher-elution-volume fraction. The experimental curves were compared with different models: (i) oligo2; (ii) the expected binary complex of one NAC dimer to one dsON created by removing one dimer from the Native_complex structure; and (iii) the ternary complex seen in the crystal structure. Free protein species were excluded, since they elute at higher volume (∼ 11.5 ml). CRYSOL analysis [40] showed that although the curves from fractions B1 and B2 fit the free dsON model better (χ-values of 1.3 and 1.7 respectively), fraction B3 yields an improved fit using the binary complex as model (χ-value = 1.1) ( Figure 3D ). Analysis of the scattering curves with OLIGOMER [41] enhances the fit to the B2 data by adding 18 % binary complex to 82 % free oligo2 ( Figure 3D ), but did not detect the presence of ternary complex in any of the fractions. Ab initio modelling with DAMMIN ( Figure 3C ) supported the CRYSOL/OLIGOMER results, in that the model from fraction B1 fitted well with free oligo2 and the model from fraction B3 fitted well with the binary complex, but could not accommodate the ternary complex. The relevant calculated and experimental R g -values are provided in Supplementary Table S2 .
That NAC binds DNA as a dimer has been shown previously [13] . The DNase I footprinting and uranyl photo-cleavage data in the present study are fully consistent with symmetric binding of one NAC dimer to one oligo2 in solution. Additional higher-molecular-mass bands are observed in EMSA when high amounts (100-500 ng) of NAC domain are used (e.g. in [13] ), which we interpret as non-specific binding. In the crystal the high concentrations and dsON arrangement might also favour non-specific binding leading to an artifactual ternary complex. Recognition of non-optimal DNA sequences may have relevance in vivo where many target sequences have single NACBSs, which must entail non-specific recognition by one of the NAC monomers.
ANAC019 residues interacting with DNA
As it was not known a priori which of the NAC dimers in the crystal best represents the interactions with DNA in solution, the interactions of all monomers with DNA were analysed. First, an analysis of the surface and contact areas was performed. The interface between DNA and protein is of comparable size for chains A, B and D (695 + − 80 Å 2 ). The contact area for chain B is shown in Figure 4 (A), and as illustrated in Figure 4 (B) overlaps well, as expected, with a large positively charged surface patch. The contact area of chain C, however, is only 129 Å 2 , indicating that chain C is only loosely associated with DNA.
The residues pinpointed by AreaImol were grouped into six clusters on the basis of their secondary structure (Table 2 and Figure 5A ). The interacting groups are similar for monomers The electrostatic surface generated with PyMOL. (C) Conserved residues are highlighted in green and residues that are similar in more than half of the ten aligned NAC domain sequences are coloured yellow. This panel is based on the sequence alignment of Jensen et al. [16] . (D) Red spheres indicate the residues found not to be essential for DNA binding in [13] . In the present study we further tested single mutants of Arg 85 (not modelled in crystal structures) and Arg 88 (green) and found that Arg 88 is necessary for DNA binding. (E) Important residues of the ANAC019 NAC domain. Conserved residues are in black boxes and residues that are similar in more than half of the sequences are in grey boxes, according to the alignment of [16] . Above, blue bars indicate residues at the DNA interface in any of the four NAC monomers, see Table 2 . Stars indicate residues that have been mutated and found by EMSA to be essential for DNA binding (green) or not (red) in accordance with (D). An open circle indicates an arginine or a lysine residue close enough to DNA to be an interaction partner (see Table 3 ).
A, B and D. On the basis of the fact that uranyl photo-probing shows a symmetric interaction between NAC and the investigated DNA sequence, dimer AB probably best represents the interaction with oligo2 in solution, and thus our further analysis focuses on this dimer. Group 2 protrudes into the DNA helix and interacts with the sugar/base region of DNA. These residues are probably responsible for specific recognition. Their sequence (WKATGTD) is highly conserved, except for the second threonine residue [16] , and has been suggested to be reminiscent of the WRKYGQK motif [42] , which is responsible for DNA binding in WRKY TFs [19, 21] (see below). Groups 1, 4 and 6 are part of loop regions and each contains one or more arginine or lysine residues with adequate distances to DNA to allow interaction with the backbone (see Table 3 for details). These residues are likely to contribute to the overall affinity of DNA binding. Table 3 Arginine and lysine residues in the ANAC019 NAC domain
The shortest distance (in Å) to a DNA backbone atom in the Native_complex structure was measured from the Cβ-atoms of all lysine and arginine residues. The maximum distance from Cβ to Nζ of lysines is approximately 4.8 Å, and that from Cβ to NH 2 of arginine residues is approximately 6.0 Å. Giving a bonding length of approximately 3 Å, the maximum distance from Cβ to a DNA backbone atom must be 7.8 Å for lysine and 9.0 Å for arginine residues in order for them to be probable candidates for DNA-interacting residues. Those that meet this criterium are underlined. This approach allows identification of potentially interacting residues independent of the accuracy of side-chain-atom positions. Conserved residues are in bold, according to the multiple sequence alignment of [16] . Residues not modelled in the crystal structure are not taken into consideration. analysis, but some of these residues could potentially interact in the complex, for example Arg 85 . The K d value of the interaction between the ANAC019 NAC domain and oligo2 is estimated in the present study by EMSA to be 24.2 + − 6.2 nM. We have previously reported that a K123A/K126A variant of the NAC domain was not affected in its DNA binding as measured by EMSA, whereas the R85A/R88A variant was impaired [13] . To further investigate this and other potentially interacting residues, the single mutants R85A, R88A, K129A and K162A were made and analysed by EMSA. The ANAC019 residues that have been mutated to date are mapped on to the structure of the complex in Figure 4(D) .
Distances (Å)
The R88A mutant showed significant impairment in DNA binding (Supplementary Figure S3 at http://www.BiochemJ. org/bj/444/bj4440395add.htm). On the other hand, the other single mutations had no detectable effect (see for example R85A, also shown in Supplementary Figure S3 ), indicating K d values similar to the native or changes below the detection level of EMSA. Arg 85 is absent from all of the currently available structures of ANAC019 NAC domains, including the complexes with DNA, but is included in the recently reported structure of SNAC1 NAC domain [39] . Though the resolution of this structure (2.6 Å) is lower than the highest resolution obtained for the ANAC019 NAC domain (1.9 Å for PDB code 1UT7), some additional residues could be traced in the missing loops, including Arg 85 . If the structure of SNAC1 (PDB code 3ULX) is superposed on to the AB dimer in the Native_complex structure, Arg 88 is in a conformation ideally positioned for interaction with one of the DNA phosphate groups, whereas Arg 85 is pointing away, offering a possible structural explanation for the mutagenesis results. Although the implication of Lys 129 and Lys 162 in binding is strongly suggested by the structures in complex with DNA reported in the present study, it could be that removal of a single one of these side chains does not change the affinity sufficiently for EMSA detection. In conclusion our mutagenesis studies show that, out of the residues mutated so far, Arg 88 is the most important for DNA affinity.
NAC dimer flexibility
A certain amount of flexibility in the dimer arrangement is evidenced by comparison ( Figure 5B ) of the structures of complexes shown in the present study, the previously solved native structures (PDB codes 1UT7 and 1UT4), and the newly determined native structure to 3.0 Å resolution (form IV, the Experimental section and the Supplementary online data for details). The degree of closure in the dimer was quantified as an angle between the domains (see the Experimental section for details) and values for the different crystal structures of ANAC019 and for comparison also of the newly determined SNAC1 structure [39] are tabulated in Table 4 . The values fall roughly into three groups, representing what we refer to as open, semi-closed and closed dimer arrangements, with angles of approximately 120
• , 110
• and 100
• between monomers. In order to see how well the various dimer arrangements are represented in solution, three models were made and compared with the SAXS data for the free NAC domain. In all cases the models were based on NAC monomers from the highest resolution free ANAC019 crystal structure (PDB code 1UT7), completed to account for missing loops and termini as described in the Supplementary online data, and for which the CRYSOL fit is shown in Figure 3(A) . The CRYSOL fit of the three dimer models were compared: an open arrangement (119 • angle), representing the original free ANAC019 crystal structures; a semiclosed arrangement (107
• angle), representing the form IV free ANAC019 crystal structure and the AB dimers in the crystal complexes with DNA; and a closed arrangement (100
• angle), representing the free SNAC1 structure and the CD dimers in the complexes. As one approaches more closed dimer arrangements, both the fit to the experimental R g -and the χ-values became worse, as shown in Supplementary Table S2. Our conclusion is that in solution the free NAC dimer is mostly in an open conformation. To a minor extent, more closed conformations may also exist in solution, and lead to form IV and the SNAC1 crystals. From the evidence so far, it would appear that on the DNA, NAC proteins take more closed conformations, but it cannot be excluded that NAC can also bind DNA in the open dimer arrangement. A possible residue involved in mediating the transition from open to closed conformation is Tyr 21 . Tyr 21 in form IV of ANAC019 and the corresponding His 21 in SNAC1 are interestingly more similar than in the original free ANAC019 crystal structures. However, especially since the resolution of both form IV and SNAC1 structures is limited, this suggestion should be confirmed by further experimental investigations.
The recognition of single NACBSs in vivo by the homodimeric NAC domains [38] would entail the binding of one of the monomers to a suboptimal nucleotide sequence. The ability of the dimer to open and close slightly would provide a molecular mechanism by which the NAC dimer binds to a highaffinity site with one monomer, whereas the other monomer can then sample the nearby bases for the second highest-affinity binding site available in non-palindromic sequences. Furthermore this flexibility explains how NAC can recognize palindromic sequences in vitro which are separated by a variable number of bps: 5 bp as described in [15] ; 6 bp in oligo2; and 7 and 8 bp in variants of oligo2, although a drop in affinity is observed (S. Lindemose and K. Skriver, unpublished work).
DNA conformation
An ideal B-DNA model of oligo2 was used as a search model in MR, and this form is largely conserved after refinement. DNA bending is not uncommon with TFs [43] and the related GCM TF (see section below) bends DNA 30
• [44] . However, the very recent report of DNA complex of a WRKY domain, which is also structurally related to NAC domains (see below), shows only slight distortion from B-DNA conformation [19] . We see no evidence of DNA bending in the complex crystal structures, but one could imagine a scenario where one NAC dimer bends DNA in one direction and the other NAC dimer reverses this, so that the DNA still can pack in straight fibres in the crystal. Slight distortions like this would be undetected at this resolution or could be lost in the crystal if the lattice favours an unbent DNA conformation.
In the uranyl photo-probing experiments some phosphates exhibit hypersensitivity towards uranyl cleavage (positive values in Figure 2B ). This is most pronounced for the 5 -GCGTGTTG-3 sequence (and 5 -GCGTGTTC-3 on the lower strand). This may indicate a local distortion in the DNA structure upon ANAC019 binding which will elicit a change in the electrostatic potential of the (minor) groove, thus creating phosphates more accessible to uranyl photo-cleavage [31] . However, the exact nature and extent of the structural changes cannot be deduced.
Similarity to the WRKY and GCM TFs
An analogy between NAC, WRKY and GCM transcription factors has been suggested previously [13, 21, 42] . The present structure confirms this relationship and shows that the DNA-interaction mode is indeed analogous to that of GCM [44] and WRKY, for which very recently an NMR structure in complex with DNA has been published [19] . Although there are clear differences, for example GCM TFs are monomeric, the three proteins have a central β-sheet with very similar topology. When the sheets are superimposed, the DNA-binding strand of NAC aligns with the DNA-binding strands of GCM and WRKY, with a resulting similar orientation of the bound dsONs ( Figures 5C and 5D) . A glycine residue in NAC (Gly 99 ) and WRKY has been noted to induce an unusual curvature of the DNA-binding strand [21] . From the superimpositions ( Figures 5C and 5D ) it is clear that this is a point of divergence in the Cα traces of the three strands, which otherwise align well. The importance of this glycine is underlined by the dysfunction of the sog1-1 (suppressor of gamma response) NAC mutant protein caused by a change of the glycine residue into an arginine [45] .
The present study highlights the similarity in the DNA-binding mode of NAC, WRKY and GCM. The similarities, previously only suggested, but now firmly established, together with similar topologies of the central β-sheet have both previously led to the proposal of a common origin of the three different TF families [19, 42] . However, since similarities are not apparent overall at the primary structure level, other explanations, such as mechanistic convergence of DNA-binding by the β-strand, are also possible.
Concluding remarks
Despite great interest in plant stress and associated NAC TFs, there is very little molecular description of the interaction with DNA. We therefore undertook the study of the interaction of ANAC019, a NAC TF whose structure we have previously solved [12] , with DNA. We show in the present study the first crystal structure of a NAC-DNA complex and complement it with solution studies. The structure shows that ANAC019 interacts with DNA via the curved outer β-strand of its core β-sheet which encompasses the conserved WKAT sequence, and establishes firmly the relationship with WRKY and GCM transcription factors. The structural similarity among these TFs, coupled with differences in DNA sequence preference, could inspire protein engineering aimed at modulating target gene specificity. Further, we show indications of NAC dimer flexibility as a possible mechanism for adapting to different spacings between binding sites, adding NAC to the list of TFs for which dimer flexibility may play a role in biological function, a classic example being λ phage Cro [46] . The structure provides the first framework to understand the interactions of NAC TFs with DNA at the molecular level. This can guide the study of the molecular mechanisms of NAC TF cellular function with resulting increased ability to exploit the NAC proteins in technological applications.
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The structure was determined by MR, which gave solutions with two monomers in the asymmetric unit with CNS [1] , MOLREP [2] or Phaser [3] within the PHENIX suite [4] [Z and LLG (log likelihood gain) scores after placing of the first monomer were 13.7 and 331 respectively, Z and LLG scores after placing the second monomer were 19.6 and 622 respectively]. Despite high initial R-factors (around 50 %), poor density for the B molecule especially and difficulties in refinement, the MR solution was deemed correct, as it showed a similar region forming the dimer interface to the one previously observed in the high resolution crystal structure, although the respective orientation of the two monomers is not identical.
After testing several refinement protocols in various programs, the structure was initially refined with Phenix.refine [4] alternated with manual rebuilding in Coot [5] . The final refinement strategy included positional refinement of only few rebuilt residues at each round, and TLS (Translation/Libration/Screw) group refinement for chains A and B separately. However, using this strategy the structure could only be refined to an R-factor of 32.3 % and Rfree of 37.0 % with RMSD (root mean square density) in bond lengths of 0.021 Å and RMSD in bond angles of 3.215
• and poor Ramachandran geometry. The model was at this point rather incomplete, with only 210 built residues out of 336 amino acid residues in total. The B molecule was particularly incomplete with only 83 out of 168 amino acids built because of the corresponding density being of very poor quality. The poor quality density could be partly accounted for by fewer crystal contacts for the B molecule than the A molecule.
Subsequently, the so-called jelly-body refinement in Refmac5 [6] was tried as an alternative refinement strategy at low resolution. This proved more successful. Jelly-body restraints were combined with automatic detection of local NCS (non-crystallographic symmetry) and group TLS refinement with one group per protein chain. The refinement proved much more robust than previously observed and also led to improvement of the electron density, so that 40 additional residues could be built. The final model is about 75 % complete and contains 250 out of 336 total residues, including 111 out 168 amino acids for monomer B. For comparison, 297 residues were built for the deposited free NAC structure at 1.9 Å resolution (PDB code 1UT7), 147 residues for the A and 150 for the B chain. The R-factor and R-free were The reported statistics are from Phaser [3] . A final Z-score above 8 indicates that Phaser has definitely solved the structure according to the PhaserWiki (http://www.phaser.cimr.cam.ac.uk). Furthermore, LLG should increase for each added component, which is also the case here. N/A, not applicable.
Search model
Step Z-score Log-likelihood gain improved to 25.7 % and 34.2 % respectively. The model also has improved geometry, with RMSD in bond length of 0.012 Å and RMSD in bond angles of 1.820
• and 90.4 % residues in favoured regions of the Ramachandran according to Rampage [7] . The model statistics are shown in Table 1 of the main text.
Crystal structure determination of NAC-DNA complexes
The structure of Native_complex was solved with MR. A trimmed version (N-terminal removed) of the ANAC019 structure (PDB code 1UT4) and a B-DNA model of oligo2 (3DNA software [8] ) were used as consecutive search models. The MR solution is a ternary complex consisting of two ANAC019 dimers (AB and CD) bound to one DNA double helix constituted by chains EF. The MR statistics can be found in Table S1 .
Attempts were made to supplement the MR data with experimental phase information from the heavy-atom derivatives. This approach was hindered by poor diffracting quality and lack of isomorphism of derivatives (e.g. see the cell dimensions in Table 1 of the main text), but finally a gold-derivative data set of similar quality as the native was collected with the intention of using it in MAD (multi-wavelength anomalous diffraction) or SAD (singlewavelength anomalous diffraction). The resulting experimental maps were of very low quality not suited for building. An MR solution could be obtained using a similar procedure and giving similar results as for the native. This solution was combined with the weak SAD information using MRSAD (molecular Co-ordinates and structure factors have been deposited into PDB with accession codes 3SWP (Native_complex), 3SWM (Au_complex) and 4DUL (Form IV). 1 To whom correspondence should be addressed (email leila@chem.ku.dk). and of the MR solution (grey) is superimposed. Due to the higher resolution of the NAC structure (1.9 Å), the site can be modelled in more detail than in the complex structure. Consequently, it is modelled as two sites with low occupancy (yellow spheres) and the co-ordinating Cys 33 (sticks) is modelled in double conformation. The gold site found in the complex structure by MRSAD is shown as an orange sphere.
replacement SAD) procedure number 1 in phenix.autosol v1.6-289 [4] , which uses the MR solution as a partial model and writes out the best combined phases. It identified nine gold sites, but phase combination did not improve the appearance of electron density maps. The derivative was however fundamental in confirming the MR solution and was refined in parallel, using the native MR solution combined with the nine gold sites as a starting model. The MR model showed sensible packing, with the DNA forming continuous fibres throughout the crystal ( Figure S1A ) and interacting with the expected face of the NAC dimer, i.e. opposite the dimer interface. Omit maps constructed from models lacking a number of phosphates in the DNA backbone and/or a number of nucleotides also confirmed the position of the DNA duplex ( Figure  S1B ). Gold binding in Au_complex is observed at the same sites as in the gold derivative used in structure determination of the protein alone [9] (Figure S1C ) and difference density shows up at these sites when the gold-derivative dataset is phased with a MR model not containing gold atoms. The oligonucleotide sequence, which could not be assigned based on the crystal structure alone, was assigned to agree with the phosphate protection information from uranyl photo-probing as described in the main text. Despite the possibility of a register error at this resolution, inclusion of the bases is important for the crystallographic refinement and SAXS simulations.
Several refinement strategies were tested. Use of experimental phase restraints and simulated annealing strategies did not improve refinement. The final refinement strategy chosen was as follows: (i) MR was followed by rigid body refinement with each NAC monomer as a rigid body and the dsON (both strands) as an additional rigid body. For the Native_complex the R-and Rfree values went from 52.0 % and 52.4 % to 46.1 % and 47.9 % respectively, whereas for Au_complex they went from 51.4 % and 51.7 % to 44.4 % and 43.0 % respectively; (ii) positional 1-6) . The orientation of the DNA is indicated with 5 and 3 . S indicates the Maxam-Gilbert A/G markers. The palindromic NACBS contains the 20 bp sequence 5 -ttgcgtgttggaacacgcaa-3 . However, due to the 3 -labelling (see Experimental section of main text), the footprint presented displays the interaction on the lower strand in the 3 to 5 direction (i.e. the complement strand). Brackets indicate the boundary of the palindromic NACBS and the DNase I protected area respectively. Due to the physical size of the DNase I protein itself (32 kDa), the actual ANAC019 footprint is overestimated by 5-10 bp in both the 5 -and 3 -end.
refinement was carried out with NCS restraints between AC and BD NAC monomers, including TLS refinement with each protein chain as a group and the dsON as an additional group. In Au_complex, individual isotropic B-factors were refined for the heavy atoms. In order to maintain reasonable Ramachandran statistics, the highest resolution ANAC019 structure available (PDB code 1UT7) was used as an additional restraint. For the Native_complex the R-and R-free values went down to 25.9 % and 34.9 % respectively, whereas for Au_complex they went down to 25.3 % and 31.9 % respectively; and (iii) finally, the Nterminal residues 8-11 of chain A, which were missing in the MR model, could be built. For the Native_complex the R-and R-free values went down to 26.0 % and 34.9 % respectively, whereas for Au_complex they went down to 25.0 % and 30.9 % respectively.
SAXS analysis on the free NAC domain
Solution scattering profiles for a concentration series from 1 to 8 mg/ml of the domain were measured in 20 mM Tris/HCl (pH 7.5), at two camera lengths of 1 m and 4.25 m at beamline 2.1, SRS (Daresbury, England). Concentration-and time-dependent X-ray-induced aggregation affects the low-angle scattering region. The R g could nevertheless be extrapolated to 27.3 Å at infinite dilution. The data were processed with XOTOKO (available from the SRS) and further analysed in the ATSAS program package [10] .
Ab initio modelling was carried out with GASBOR version 2.2i (reciprocal space) with unknown expected particle anisometry, with either no symmetry imposed or 2-fold symmetry imposed. Table S2 Experimental and theoretical R g -values derived from SAXS data and selected structural models derived from crystallographically determined structures For comparison, the theoretical R g -value calculated from the ternary complex in the crystal structure was 32.3 Å. For the free NAC sample, the experimental R g was calculated from extrapolation to infinite dilution from a concentration series. χ-Values for the fit of theoretical scattering profiles calculated in CRYSOL [14] for a particular model and experimental data are also given. The models were then averaged with DAMAVER and filtered using DAMFILT. Ab initio modelling showed a very similar shape compared with the known X-ray structure ( Figure 3 of the main text). Imposing 2-fold symmetry in the ab initio modelling did not result in a significant increase in the χ-value (average χ-value = 1.06 for nine models in P2, average χ-value = 1.03 for seven models in P1). We conclude that within the resolution limits of SAXS, the NAC dimer in solution is symmetrical. The NAC dimer scattering profile is consistent with the X-ray crystallographic structures previously determined for free NAC, as shown from the CRYSOL fit in Figure 3(A) of the main text and Table S2 . However, a discrepancy is found at very low angles, which is also reflected in the difference between experimental and calculated R g -value. A value much closer to the experimental R gvalue could be obtained if one of the crystallographic models for free NAC was completed by adding the loops missing in the crystallographic model (from a database of loop structures found in O [11] and by adding the missing parts of the termini in an extended conformation; see Table S2 ); however, this resulted in a worse χ-value. A further improvement could be obtained by perturbing the termini with the elNémo server [12] , where some of the resulting models fit better both with respect to experimental R g -and χ-values (see example of fit in Figure 3A of the main text and Table S2 ). Subsequently the SAXS data for the free NAC domain were used to test complete models with different degrees of dimer opening, as described in the main text.
